The incorporation of "4CO2 into glycolate by intact spinach leaf (Spinacia olercea L. var. Kyoho) chloroplasts exposed to "4CO2 (NaH14CO3, 1 millmolar) in the light was determined as a function of 02 concentrations in the reaction media. A hyperbolic saturation curve was obtained, apparent KM (0s) of 0.28 milliolar, indicating that glycolate is produced predominantiy by ribulose-1,5-bisphosphate carboxylase/oxygenase. A concentration gradient of glycolate was invariably observed between chloroplast stroma and the outside media surrounding chloroplasts during photosynthetic "4CO2 fixation under an 02 atmosphere.
glycolate up to 30 millmolar was linear in both directions.
The effect of external pH on the reaction rate in both directions was also examined. Glycolate penetrates rapidly, even at pH 8, showing a surprisingly high permeation of the glycolate anion. This rate was about 30 micromoles per milligram Chl per hour at 0°C, and the initial concentration of glycolate of 10 millmolar with a pH range of 7 to 8. The observed rate is comparable to the reported value for glycolate synthesis in chloroplasts under photorespiratory conditions. The uptake of glycolate into chloroplasts was accelerated below pH 7, while the rate of excretion was considerably lowered. It is, thus, suggested that undissociated glycolic acid penetrates the chloroplast envelopes more rapidly than does the anion.
proposal, oxidation would be by the superoxide radical (02 ), which is produced from monovalent reduction of 02 by PSI. Since 02 is found to be harmful to living systems, including chloroplast membranes (10, 18a) , the scavenging effect of transketolase on 02 (second order rate constant between 02 and transketolase thiamine pyrophosphate-C2 complex, 1 x 106.M-1 S-1) is possibly considered to have physiological significance. However, the maximum activity of glycolate production determined using the purified spinach transketolase was found to be low, about one order ofmagnitude lower than the one catalyzed by RuBP2 carboxylase/ oxygenase at 20% 02 (23) . In fact, it is the currently accepted view that the latter reaction occupies a more important role in producing glycolate. In this second mechanism, P-glycolate produced is supposed to be hydrolyzed by P-glycolate phosphatase, a specific phosphatase localized in chloroplasts (21, 22) .
Glycolate is known to be excreted from chloroplasts (6, 17) , algae (5, 25) , blue green algae (8) , and photosynthetic bacteria (3) under an Orcontaining atmosphere. Tolbert (26) has postulated that a glycolate/glyoxylate shuttle may operate in the photorespiratory process, but it has not been accepted, because glyoxylatedependent 02 evolution is not observed in intact spinach chloroplasts (14) . Although glycerate penetrates into intact chloroplasts of spinach as either the anion or the undissociated acid, no specific carrier for its transport has been demonstrated (13) . Therefore, it seems likely that glycolate is also excreted from the chloroplasts by diffusion without the aid of a special carrier (cf. Ref. 12) , but, so far, no conclusive experimental evidence in favor cf this mechanism has been reported. The purpose of the work presented in this paper is to determine whether or not such a mechanism can be demonstrated as well as to study the properties of glycolate transport in chloroplasts.
Based on many recent investigations from various laboratories (7, (26) (27) (28) , the basic mechanism of photorespiratory carbon oxidation cycle or glycolate pathway has been established, and it is generally accepted that three cell organelles, i.e. chloroplasts, peroxisomes, and mitochondria, are involved in the entire process (7, 26) . However, little is known about the details ofinterorganellar transport of intermediates of the glycolate pathway, and the elucidation of the mechanism of metabolite transport among these organelies is urgently needed for a better understanding of photorespiration.
Glycolate synthesis in chloroplasts through the oxidation of the Calvin-Benson cycle intermediates, and its subsequent excretion from chloroplasts constitutes the first step of the metabolite transport in photorespiration. Two (1, 20) . In order to examine the extent of glycolate production by this mechanism, the 02 dependency of glycolate formation in chloroplasts was examined (Fig. 1) by the silicon-oil-layer filtering centrifugation, and the radioactivity incorporated into the glycolate fraction was examined. The majority of the radioactivity was found in the external chloroplast fractions (Table I) . Radioactivity was also detectable in the chloroplast fractions, and the concentration of glycolate inside the chloroplasts was found to be invariably higher than that in the outside medium. Glycolate is able to accumulate up to a concentration of 0.5 mm in the chloroplasts during 10-min photosynthesis under 100%0 02, assuming the same specific radioactivity as that of NaHl4CO3 applied.
Time-course analyses of the rate of excretion and uptake of glycolate by chloroplasts were carried out, and the results are shown in Figure 2 . The initial concentration of glycolate was 10 mm in the uptake experiment and 9 mm in the excretion experi- 7.0. In the latter system, the initial concentration of glycolate in chloroplasts determined by the silicon-oil-layer filtering centrifugation was 9 mm, and chloroplasts were diluted 10 times with a buffer of 50 mM Hepes-NaOH (pH 7.0) containing 0.33 M sorbitol, 1 mM MgCl2, I mm MnCl2, and 2 mM EDTA. Reactions were terminated using silicon-oil-layer filtering centrifugation. ment, respectively. As shown in Figure 2 , both processes are rapid and complete within a few minutes at both 0°C and 25°C. The temperature dependency is extremely small in both processes, and Qlo was approximately 1.1. We must concur, therefore, that the temperature effect on glycolate transport is small. In the uptake experiment, it was found that glycolate was accumulated to a concentration approximately 100o higher than its external concentration ( Fig. 2A) . Both carbonylcyanide-m-chlorophenyl hydrazone and nigericin, which causes the loss of a pH gradient across membranes, decreased to some extent the rate of glycolate uptake; the final concentration of glycolate in chloroplasts became the same as its external concentration (data not shown). These results can be explained if the undissociated glycolic acid penetrates the chloroplast envelope more rapidly than does the anion and if the chloroplast stroma is maintained at a pH higher than that of the medium. In this case, the interior of the chloroplast is a region where glycolic acid is more highly dissociated than it is outside; external free acid moves in to keep the concentration difference at a minimum more rapidly than the anion moves out down its concentration gradient, and the total concentration of (glycolic acid + glycolate) is higher inside than it is outside. The concentration dependency of the glycolate uptake into, and the excretion from, the intact chloroplasts was determined (Fig.  3) The effect of external pH on glycolate transport was examined (Fig. 4) . The initial concentration ofglycolate used in this transport experiment for both directions was 10 mM. The uptake was accelerated below pH 7.0, whereas the excretion was lowered. However, above pH 7, rates of both uptake and excretion were relatively indifferent against external pH changes.
The rate of uptake and of excretion was determined to be similar (about 30 umol/mg Chl-h at 0°C) in the external pH range of 7.0 to 8.0, both being comparable to the rate of glycolate formation in intact chloroplasts (cf. 35 pmol/mg Chl . h at 20°C [18] ).
DISCUSSION
Experimental results obtained in the present investigation strongly suggest that glycolate molecules produced in chloroplasts appear to be excreted by diffusion without the aid of a specific carrier (cf. Ref. 12) . If so, the rate of glycolate excretion from the organelle is determined by its concentration gradient between chloroplasts and cytoplasm. Therefore, it is likely that rapid oxidation of glycolate in peroxisomes and subsequent transformation are key parts of the overall process.
The present results show the significant effect of a pH gradient between chloroplasts and cytoplasm on glycolate transport. It must be recognized that almost all glycolate (pKa = 3.83, 25°C) in chloroplasts exists as the dissociated anion, especially under illumination, resulting in the alkalization of stromal pH (16) . Therefore, to maintain the electroneutrality of stroma, it can be hypothesized that glycolate anions must be transported with either proton or ammonium ions (if available) or by the mechanism of anion exchange with glycerate or other permeable anions. It is, indeed, an important question whether or not glycolate can be transported by an anion exchange mechanism. Glycerate is an intermediate of the glycolate pathway and is assumed to move from the peroxisomes into chloroplasts (26). Heber et aL (13) reported that glycerate can penetrate the chloroplast envelopes as the dissociated anion and as the undissociated acid. Glycolate can penetrate rapidly even at pH 8, showing a surprisingly high permeation rate of the anion (Fig. 4) . Although we could find a slight enhancing effect of glycerate in the medium on glycolate excretion from chloroplasts, much more defined experimental systems, such as inside-out vesicles of chloroplast envelopes, should be necessary for the elucidation of this mechanism. The detailed nature of the glycolate transport coupled with ions, as well as the effect of light thereon, should be clarified by future investigations. 
